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Abstract
The phenomenology entailed by a scalar resonance in a top partner model is analysed
here in a SO(5) Composite Higgs formalism. Heavy scalar resonances production
and their decays modes are explored along a benchmark resonance mass range. The
production of single-double partner final states has been scanned along the partner
mass scale. QCD drives such production, as well as the SM gauge, Higgs, plus the
intermediation of the scalar resonance. Non-zero contributions are induced as long
as extra fermion-resonance effects are included. Finally, we have excluded regions of
the parameter spaces underlying our framework by imposing the recent LHC searches
for vector-like quarks production in pp-collisions at 13 TeV. Substantial reduction
of the allowed regions occurs if extra fermion-resonance effects are accounted for,
leading us to test the involved parametric dependence in the shed light of new matter
interactions.
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1
1 Introduction
The UV insensitivity of the Higgs boson mass is assured if new particles canceling the
contributions from the the Standard Model (SM) top quarks play a role at higher energies.
The Higgs discovery at the LHC [1, 2] has prompt us to explore new feasible beyond SM
(BSM) frameworks, aimed at healing the UV sensitivity of the Higgs mass. Some BSM
frameworks propose new states, currently called top partners, as in the case of the scalar
quarks for the well known supersymmetry, or vector-like fermions [3, 4] as in composite
Higgs models (CHMs) [5–13]. Vector-like quarks are hypothetical spin-1/2 particles with
left- and right-handed components behaving in the same way under the SM symmetries,
and extensively analysed in the CHM literature [14–19]. Suplementarily, exotic spin-0 and
spin-1 resonances at the TeV scale have been considered in such models, impacting on
the pseudo NG bosons (PNGBs) scattering, and then on the high-energy vector boson
scattering [20].
Guided us by the challenging scenario of weak scale naturalness, we explore the low
energy effects from the interplay among: elementary, composite partners and spin-0 reso-
nances in a SO(5) CHM. We encode such interactions via derivative couplings of the scalar
resonance η, here assumed to be a singlet of SO(4), with a complete set of SO(5)-invariant
fermionic currents presented in this analysis. Such invariants cover all the structures built
upon the SM elementary sector together with the top partners embedded in the unbroken
SO(4), concretely, a fourplet Ψ4 and a singlet Ψ1, naturally sourced by the decomposition
rule 5 = 4 + 1 under SO(4), encoded through
Ψ4 =
1√
2

iB − iX5/3
B +X5/3
iT + iX2/3
−T +X2/3
 , Ψ1 = T˜ . (1.1)
Two doublets (T ,B) and (X5/3, X2/3) compose the fourplet Ψ4. The former has hyper-
charge 1/6 and the same quantum numbers as the SM quark doublet, whilst the latter
has hypercharge 7/6, containing a state of exotic charge 5/3 plus another top-like quark
X2/3. The singlet representation Ψ1 entails only one exotic top-like state, denoted in here
as T˜ . On the other hand, the elementary sector will be shaped according to the partial
compositeness mechanism via the Goldstone symmetry breaking Lagrangian
Lmix =
∑
q
y q¯Oq. (1.2)
Two choices for the elementary sector embeddings are determined by the SO(5) strong
sector operators Oq: either as a fundamental 5 or 14 representation. In the former sce-
nario, both fermion chiralities have elementary representatives coupled to the strong sector
through 5-plets
q5L =
1√
2
(idL, dL, iuL, −uL, 0)T , u5R = (0, 0, 0, 0, uR)T , (1.3)
2
whereas in the latter the right-handed q quark enters as a totally composite state arising
itself from the operator Qq at low energies with the fields
q14L =
1√
2

0 0 0 0 idL
0 0 0 0 dL
0 0 0 0 iuL
0 0 0 0 −uL
idL dL iuL −uL 0
 , u1R . (1.4)
In both cases the representations qL and uR have the same X-charge 2/3, allowing to
reproduce the correct electric charge of the top. The doublet qTL = (uL, dL) has an isospin
T 3R = −1/2, providing thus a protection from large deformations of the bL-couplings [21,22].
Four models will be framed following the previous matter content, each of them generically
described at the Lagrangian level through
L = Lelem + Lcomp + Lmix. (1.5)
Scenario that will be coupled later on to the scalar resonance η, described here as a singlet
η = (1,1) of SU(2)L × SU(2)R that have been considered in CHMs [20]. In the next
sections all the Lagrangians will be provided.
Top quark physics at CHMs have been extensively studied [16, 23, 24], with general
flavour physics analyses [25–27], considered in the context of top partner sectors [28], whilst
spin-0 and spin-1 resonances have been considered in CHMs [20] with updated analysis [29].
Our discussion will be based on the previous studies [23, 28], recently armed with heavy
triplet vector resonances in [30], and whose phenomenology signals have been thoroughly
explored in [31], but extended in this work up to a simple approach for effective top
partners-scalar resonances interplay instead. The scalar resonance production and their
decays modes are exhaustively explored along a viable range for the resonance mass Mη and
for a given setting of the parameters in our model. Likewise, the production of single-double
partner final states has been scanned along the partner mass scale MΨ, and they turn out
to be controlled by a set of model-dependent couplings here provided. Double production is
QCD-driven, as well as SM gauge, Higgs, and η-mediated. Non-zero parametric-dependent
modifications are induced as long as extra fermion-resonance effects are considered.
Finally, we have been imposed the recent LHC searches for vector-like quarks production
in pp-collisions at 13 TeV [32] in order to exclude regions of the parameter spaces underlying
our model. Specifically, we explore the allowed regions by bounding the decays T → Wb
and T˜ → Wb according with the latest experimental limits. Substantial reduction of
the permitted regions occurs when the extra fermion-resonance couplings treated here are
accounted for. The sensitivity of the parametric dependence is thus tested in the presence
of new exotic matter interactions.
This manuscript is divided in: introduction of the PNGB’s at the assumed CHM, scalar
resonance sector and its generic interplay with the elementary-composite sector in Section-
2.3. Scalar resonances production and their decays in Section 3. Top partners production
mechanism are introduced in Section 4 and detailed discussed in 4.1-4.2. The latest LHC
searches on vector-like quark production are translated into parameter spaces associated
to our models in Section 5. The impact of the additional fermion-resonance interactions is
extensively studied along the text. A summary is presented in Section 6.
3
2 Set-up formalism
The composite sector entails a composite Higgs boson and other composite resonances all
described by the CCWZ formalism [33]. It postulates the Higgs as a PNGB of the minimal
global symmetry G = SO(5) [12] and spontaneously broken to SO(4) by the strong sector
at the scale f . Such breaking generates four massless PNGBs, forming an SU(2)L Higgs
doublet a posteriori. At this level the Higgs is exactly massless unless the strong sector is
coupled to some source of an explicit G-breaking. An additional U(1)X factor is introduced
in order to restore the proper SM hypercharge Y = T 3R + X, then G = SO(5) × U(1)X .
The PNGBs enter through the 5× 5 Goldstone matrix
U = exp
[
i
√
2
f
Πi T i
]
=
 I3 cos h+〈h〉f sin h+〈h〉f
− sin h+〈h〉
f
cos h+〈h〉
f
 , (2.1)
where T i are the coset SO(5)/SO(4)-generators, whilst Πi and f are the PNGB fields and
the decay constant respectively. Henceforth T i will stand for the coset generators, while
T a for the unbroken ones, all them defined in Appendix A.
Additionally, the elementary sector, containing copies of all the SM field sector except
for the Higgs transforming under the SM gauge symmetry group GSM ⊂ G. This sector
is not G invariant, therefore the one-loop effective potential triggered by the elementary-
composite interactions allows the Higgs to pick a mass, fixing thus its vacuum expectation
value (VEV) in a GSM-breaking direction. The unbroken SO(4)× U(1)X contains the SM
symmetry GSM = SU(2)L × U(1)Y whose breaking will be triggered via a non-zero Higgs
VEV 〈h〉 ' v = 246 GeV, measuring together with the SO(5) breaking scale f the degree
of tuning of the scalar potential through the ratio [12]
ξ =
v2
f 2
. (2.2)
ξ controls the low energies SM departures and it cannot be too large. Generically, the
value of f must be large to suppress NP effects, but not too far from v to maintain a
tolerable tuning. Stringent constraints on ξ have been reported following the current 95%
combined limit from direct production of either vectorial charged ρ±, or the neutral ρ0 at
the LHC [36] (see [30, 31] for a detailed discussion). Those limits allow ξ ∼ 0.02, or even
smaller, for a vector resonance mass Mρ ∼ 2 TeV. Such small values might be directly
tested through single Higgs production at the LHC, reaching larger precision via double
Higgs processes at CLIC, and should be compared with indirect bounds from EW precision
data. For the present work we will test ξ =0.1-0.2, as they are compatible with the latter
EWPT bounds, and with the vector resonance direct production bounds at LHC, as well
as the expected single Higgs production at the LHC, and the double Higgs production at
CLIC. In addtion, those values are inside the domain of validity of the scenario, gρ < 4pi
and they will be assumed henceforth.
We will cover all the possible couplings arising out the interplay among the top partners
sector and the composite operators sourced from the strong regime. The SO(5)-invariance
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will prescribe the generic Lagrangian
Lint = LM + Lη + LM + η. (2.3)
M labels each one of the models emerging from the assumed fermionic matter content
M = MΨ+q = {M4+5, M4+14, M1+5, M1+14}. (2.4)
LM is generically encoded by (1.5), whilstLη describes the scalar sector and its interaction
with the gauge fields. We are concerned here only to the case of resonances transforming
under SO(4). According to the rule 4 × 4 = 1 + 6 + 9 the resonance can therefore be
encoded by one of the SU(2)L × SU(2)R-representations (1,1) + (3,1) + (1,3) + (3,3).
For the work undertaken in here, only the spin-0 resonances η = (1,1) will be analysed.
The spin-1 heavy triplet case has been recently considered in [30,31]. Lη is given then as1
Lη = 1
2
(∂µη)
2 − 1
2
M2ηη
2 +
f 2
4
(
2aη
η
f
+ bη
η2
f 2
)
Tr [dµd
µ] , (2.5)
where non-zero parameters aη and bη allow for ηpi
2 and η2pi2 interactions relevant for W
and Z-pair scattering. Indeed, for aη = bη = 1 the Lagrangian (2.5) describes a linear
sigma model, with η and the SO(5)/SO(4) NG bosons fitting together in a fundamental
(linearly-transforming) representation of SO(5). For that particular choice all the scatter-
ing amplitudes are perturbatively unitarized if η is lighter than the cutoff (see [20] and
references therein).
The third Lagrangian in (2.3) encodes fermion currents coupled to the scalar resonance
completley provided by the first time in here, and generically defined as
LM + η =
αi√
2 f
J µi ∂µη + h.c. , (2.6)
with i = {q, ψ, qψ, uψ}, denoting thus all the possible currents constructable upon the
elementary q, top partner ψ and elementary-top partner sector qψ and uψ. Generic coeffi-
cients αχi have been introduced and are correspondingly weighting each one of the fermion
currents defined later on.
2.1 M4+5 and M1+5 coupled to η
The leading order Lagrangian for the 5-elementary fermions and the one describing both
of the top partners Ψ4 and Ψ1, introduced in Lcomp (1.5), are given by
Lelem = i qL /D qL + i uR /D uR, (2.7)
Lcomp = iΨ4 /∇Ψ4 −M4 Ψ4Ψ4 + (Ψ4 ↔ Ψ1) + f
2
4
d2 +
(
i c41 (Ψ4)
iγµdiµΨ1 + h.c.
)
(2.8)
1Analogous interactions for a heavy scalar state have been treated in the context of heavy “radial
excitation, parameterized by the NGBs of the global Higgs models [34,35].
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with ∇ standing for ∇ = /D + i/e. Goldstone bosons kinetic terms are contained at the
d2-term, while the coefficient c41 controls the strength of the interplaying fourplet-singlet
partner term, and it is is expected to be order one by power counting [37]. The covariant
derivatives through (2.7)-(2.8), together with the d and e-symbols are defined in A. Finally,
the mass terms mixing the elementary and top partners are described via
Lmix =yLf
(
q5L U
)
i
(Ψ4R)
i + yRf
(
u5R U
)
i
(Ψ4L)
i + h.c. + ,
+ y˜Lf
(
q5L U
)
5
Ψ1R + y˜Rf
(
u5R U
)
5
Ψ1L + h.c.
(2.9)
whereas the trilinear couplings fermion-fermion-scalar are encoded through
Lmix−η =
[
yqψ
(
q5L U
)
i
(Ψ4R)
i + yuψ
(
u5R U
)
i
(Ψ4L)
i + h.c. +
+ y˜qψ
(
q5L U
)
5
Ψ1R + y˜uψ
(
u5R U
)
5
Ψ1L + h.c.
]
η .
(2.10)
Suitable U insertions have been done in order to guarantee the non-linear SO(5) invariance.
The small mixings yL(R) and y˜L(R) trigger the Goldstone symmetry breaking, providing thus
a proper low Higgs mass. The latter Lagrangian entails partially composite u5R and it gives
rise to quark mass terms as well as trilinear couplings contributing to the single production
of top partners.
The set of fermion currents constructable for both of the models M4+5 and M1+5
are listed in Table 1 (left column). Altogether, the leading order composite and mixing
Lagrangians contain eleven parameters {M4, M1, c41, yL(R), y˜L(R), yqψ(uψ), y˜qψ(uψ)}, aside
from the Goldstone decay constant f . Six of them are arranged to reproduce the correct
top mass plus the extra partner masses {mX5/3 , mX2/3 , mT , mB, mT˜ }. Their expressions
are reported in Appendix B.
2.2 M4+14 and M1+14 coupled to η
The elementary kinetic Lagrangian corresponding to this model and the composite coun-
terpart are straightforwardly written as
Lelem = i qL /D qL , (2.11)
Lcomp → Lcomp + i uR /D uR +
(
i c41 (Ψ4)
iγµdiµΨ1 + i c4u (Ψ4)
iγµdiµuR + h.c.
)
,
(2.12)
where the Lcomp of (2.8) has been reshuffled in order to account for mixing terms Ψ4-
Ψ1 and the totally composite uR through the coefficients c41 and c4u respectively. The
elementary and top partners sector are mixed via
Lmix = yL f
(
U t q14L U
)
i 5
(Ψ4R)
i + y˜L f
(
U t q14L U
)
5 5
Ψ1R + yR f
(
U t q14L U
)
5 5
u1R + h.c.
(2.13)
whereas the trilinear couplings fermion-fermion-scalar are encoded through
Lmix−η =
[
yqψ
(
U t q14L U
)
i 5
(Ψ4R)
i + y˜qψ
(
U t q14L U
)
5 5
Ψ1R + yqu
(
U t q14L U
)
5 5
u1R + h.c.
]
η
(2.14)
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M4+5 M4+14
J µq = q5L γµ q5L
J µu = u5R γµ u5R
J µψ = Ψ4 γµ Ψ4
J µqψ =
(
q5L U
)
j
γµ (Ψ4L)
j
J µuψ =
(
u5R U
)
j
γµ (Ψ4R)
j
J µq =
(
UT q14L U
)
5 j
γµ
(
UT q14L U
)
j 5
J µψ = Ψ4 γµ Ψ4
J µqψ =
(
UT q14L U
)
5 j
γµ (Ψ4L)
j
J µu = u¯R γµ uR
M1+5 M1+14
J µq = q5L γµ q5L
J µu = u5R γµ u5R
J µψ = Ψ1 γµ Ψ1
J µqψ =
(
q5L U
)5
γµ Ψ1L
J µuψ =
(
u5R U
)5
γµ Ψ1L
J µq =
(
UT q14L U
)
5 j
γµ
(
UT q14L U
)
j 5
J µψ = Ψ1 γµ Ψ1
J µqψ =
(
UT q14L U
)
5 5
γµ Ψ1L
J µuψ = u¯R γµ Ψ1R
Table 1: Currents for all the models.
This case nvolves ten parameters {M4, M1, c41, c4u, yL(R), y˜L, yqψ(qu), y˜qψ}, five of them
are arranged to reproduce the correct top mass, plus extra four partner masses as the de-
generacy mX5/3 = mX2/3 is implied and also manifested at the previous two models. Notice
that a direct mixing coupling uR and Ψ1 has been removed by a field redefinition. Table 1
lists the associated fermion currents (right column). For these models, the parametric de-
pendence is shortened by one unity, as the number of implied currents is less than in the
5-models.
3 Spin-0 production and decays
Concerning the resonance production, the role of spin-0 and spin-1 resonances on the
PNGBs scattering were studied in [20]. Their experimental searches [38] were explored
for ξ = 0.1 in [36, 39, 40], while the impact of heavy triplet resonances at the LHC in
the final states l+l− and lνl (l = e, µ), τ+τ−, jj, tt¯ as well as on the gauge and gauge-
Higgs channels WZ, WW , WH and ZH, has been analysed (see [41–43] and references
therein), constraining the vector resonance mass in the range 2.1-3 TeV. On the other
hand, searches for Higgs-like bosons in the range 80-140 TeV decaying into long-lived
exotic particles, have obtained no excess above the background expectation [44]. Likewise,
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Figure 1: Production cross section for η in all models at 14 TeV, for ξ = 0.1, 0.2 (thick and
thin curves), and by setting αi = 1.
searches for massive long-lived particles decaying semileptonically in the LHCb detector
found no experimental evidences at the EW scale [45]. Meanwhile, the searches performed
by the ATLAS Collaboration for heavy scalar resonances decaying into WW in the eνµν
final state, via pp collisions at
√
s = 13 TeV with an integrated luminosity of 36.1 fb−1,
have revealed no significant excess of events beyond the SM background prediction in the
mass range 200-5000 TeV [46]. In order to explore the feasibility and potentiality of our
scenarios, a broader mass range will be explored in here. At the Lagrangian level, the
scalar resonance production is induced by the effective charged-neutral interactions
Lffη =
∑
f=u,d
[
gffη f¯ f η + f¯ /∂η (gfLfLη PL + gfRfRη PR) f
]
. (3.1)
The couplings gffη are depending on the coefficients in the Yukawa-scalar interactions,
either of (2.10) or (2.14), while gfLfLη and gfRfRη directly depends on the weighting coe-
fficients α of (2.6), as well as on fermion diagonalization effects (see Appendix C). The
latter couplings are f -suppressed and they can be traded for slight modifications for the
former gffη via equations of motion. Therefore, the final Yukawa interactions are slightly
affected by departures ∼ αmf/f , with mf a given SM fermion mass. Consequently, such
interactions turn out to be insensitive to the presence of the derivative couplings in (2.6),
although the setting α = 1 will be assumed for the computation of the scalar produc-
tion. Associated production cross sections through the process p p → η are computed
from the latter Lagrangians by using MadGraph 5. Fig. 1 displays all the spin-0 pro-
duction cross sections as a functions of the parameter Mη in the benchmark mass range
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Figure 2: All branching ratios for the different η-decay modes at M4+5 by setting ξ = 0.2 and
aη = 1/2, and accounting for no currents, i.e. αi = 0, as well as their contribution when αi = 1
(thick and dashed curves).
Mη ∈ [0.6, 3] TeV, for all the models at
√
s = 14 TeV, and setting α = 1 for ξ = 0.1, 0.2.
The resonance production is slightly altered when the fermion-resonance current interac-
tions of (2.6) are included, therefore the situation α = 0 coincides with the one in Fig. 1.
Keeping the SM top quark mass at its experimental observed value requires the Yukawa
couplings yL, yR, y˜L, y˜R in (2.9) and (2.13) to be properly set, either through its predicted
value in (B.2) or (B.6) and by implementing relations in (B.3). The scalar heavy resonances
is predominantly yielded at the model M4+5 as it can be seen from Fig. 1. In addition, a
higher ξ-value enhances all the productions, although at M4+14 the production is slightly
increased. Notice that whether the elementary fermions are 5 or 14-embeddings, the four-
plet scenario favours higher production values rather than the singlet one. The scalar
resonance is mainly yielded at M4+5, reaching rough cross section values of ∼ 150 pb (0.1
pb) at Mη ∼ 0.6 TeV (3 TeV) for ξ = 0.2.
Posterior decays of the heavy resonance may occur into single and double top partner’s
final states (the former accompanied by an associated SM quark), as well as into gauge
and Higgs channels, e.g. η → {hh,WW,Zh}. The fermionic decay channels, for both of
the single-double top partner’s final states, will be triggered by the effective terms
LXfη =
∑
f=u,d
[
gXfη X¯ f η + X¯ /∂η (gXLfLη PL + gXRfRη PR) f
]
+ h.c., (3.2)
LXXη = gXXη X¯ X η + X¯ /∂η (gXLXLη PL + gXRXRη PR)X (3.3)
with X = {T,B,X2/3, X5/3, T˜}. The latter couplings entail diagonalization effects from the
elementary-composite sectors and are reported in Appendix C. Fig. 2 gathers the branching
9
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Figure 3: Diagrams contributing to the double partner production, where V = Z, γ and with
X denoting any X = {T,B,X2/3, X5/3, T˜}.
ratios for two different cases α = 0, 1 (thick-dashed curves) at M4+5 with ξ = 0.2 and by
setting aη = 1/2 at (2.5), whose involved effective term is responsible for the gauge and
Higgs channels. Generically, these modes will be more relevant rather than the fermionic
channels as a consequence of the involve kinematics of both initial and final states. Some
comments are in order:
• No fermion-resonance currents (α = 0) entails dominant dijet, top-pair and gauge,
Higgs channels, while subdominant single-double partners final states. The dijet
channel is the dominant one for Mη . 2 TeV, becoming subdominant with respect
the W -pair for a higher mass value.
• The scenario is altered after switching extra fermion-resonance couplings on (α = 1).
Indeed, the dijet, top-pair and gauge, Higgs channels qualitatively diminish, with a
notorious enhancement for all the single and double partner final states in contrast.
Despite this, the former modes are still relatively the dominant ones.
• The enhancement occurring at the partner final states, may be a slight departure,
as in the case of the mode bB, or even an rough increase of one or two orders of
magnitude for the tX2/3 and T T channels.
Analogous comments apply for the product of the scalar resonance production cross section
times the corresponding branching ratio, not displayed here for brevity reasons. Once the
scalar resonance are produced, their decays can generate, aside from the gauge and Higgs
channels, either a single or double quark partner in the final states. A fuller top partner
production mechanism is triggered by bringing QCD, EW and Higgs-mediated interactions
onto the stage.
4 Producing top partners and decays
All the quark partners are colored, hence their pair-production at hadron colliders is QCD-
driven as it is shown in Fig. 3, being completely model-independent and insensitive to the
degrees of compositeness of the associated SM quarks. Qualitatively, the top partner
production is independent on whether both or only one multiplet is present in the effective
theory.
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Figure 4: Double-partner production cross sections at 14 TeV for ξ = 0.2, only for neutral
final states. Two different situations α = 0, 1 (thick-dashed curves) are plotted to compare the
impact on the production from the fermion-resonance Lagrangian LM + η of (2.6).
4.1 Double Partner production
The production of double-partner final states receives contributions from QCD as well as
SM gauge, Higgs, and η-mediated processes as it is depicted in Fig. 3. Such production
is controlled by the model-dependent couplings gffη, gfLfLη, gfRfRη, gXXη, gXLXLη, gXRXRη
through (3.1) and (3.3), and by the analogous ones involving the gluon and SM neutral
gauge fields. Non-zero parametric-dependent modifications are induced as soon as extra
fermion-resonance effects are considered. Fig. 4 collects double-partner production cross
sections only for neutral final states, where we have constructed the pair cross sections
for each value of the mass parameter M4 = M1 = MΨ by interpolation using MadGraph
5 simulations, at 14 TeV LHC in all the models for ξ = 0.2, and for a fixed scalar mass
Mη ∼ 1.25 TeV. Two different situations α = 0, 1 (thick-dashed curves) display the impact
on the production from the additional fermion-resonance effects regarded here. Slight
enhancements occurs at M4+5, whereas vanishing-tiny contributions are induced at the
rest of the models due to the implied f -suppressed derivative couplings of (2.6).
The final states T T and BB are dominantly produced via pp collisions in M4+14 as
the involved quark partner masses are smaller than the corresponding ones at M4+5 (see
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Figure 5: Diagrams contributing to the single partner production, where V = Z, γ and with q
standing for any up down-like quark conveniently couple to X = {T,B,X2/3, X5/3, T˜}.
(B.2)-(B.6) and Fig. 10). The final state X2/3X2/3 does not distinguish the elementary em-
beddings representation as the involved partner masses are equal at both models. The
same comments apply qualitatively and quantitatively for the channel X5/3X5/3 as the in-
volved partner masses are degenerate with the corresponding one for X2/3 (see Appendix B).
Generically, producing pairs either of X2/3 or X5/3 will be kinematically favoured with res-
pect to the double production of both T and B, because their relatively higher masses.
Likewise, the pair production of the singlet T˜ (Fig. 4) is favoured at M1+14, as the involved
masses result smaller at 14-elementary embeddings compared with the one at 5-scenario
(see Fig. 10, right plot).
4.2 Single Partner production
QCD induces the production of single-partner final states, together with the SM gauge,
Higgs and η-mediated processes for the case of neutral final states respectively, Fig. 5.
These channels are gathered in Fig. 6, where the mode bT has been omitted for briefness
reasons. Notice that the departures induced by the extra fermion-scalar couplings in (2.6)
are only exhibited at the neutral final states as they are sensitive to the mediation of the
scalar resonance η via derivative couplings at LM + η. Cross section values are generically
increased by the presence of the latter couplings, becoming notoriously enhanced at the
channels tX2/3 and tT˜ for the models M4+5 and M1+14 respectively in Fig. 6, 3rd-4th
plots left. The kinematic of less massive final states at the models M4+14 and M1+14
is responsible for the relative dominance of the former with respect M4+5. The latter
dominates compared with M1+5 at the neutral channels bB, tT , tT˜ , and at the charged
final states bX2/3, bT˜ as well. Although some cases do not obey this, like the mode tX2/3
and tX5/3, where the combined effect of fermion diagonalization effects roughly suppress
the induced contributions from the additional interactions of (2.6). Despite the absence
of the flavour-changing neutral couplings in the charge 1/3 sector [23], and of the B → hb
channel at M4+5, the final state bB is still possible at the fourplet models via derivative
couplings of (2.6) as it can be seen from Fig. 6.
Yielding the singlet T˜ at the 14-elementary embeddings results dominantly favoured
rather than at the 5-scenario as the involved masses result smaller at the former model2.
2Recently it has been analysed the top partner single productions through loops mediated by the scalar
singlet in [47]. With reasonable coupling strengths, the production rate of a top partner, in association
12
α� = ���α� = ���
��+� ��+��
��� ��� ��� ������
���
�
�
��
��
���
�ψ (���)
σ(��
→��
)(��)
������� ������
��+��
��+�
��� ��� ��� ���
�
�
��
��
���
�ψ (���)
σ(��
→��
�/�)(�
�)
������� ������
α� = ���α� = ���
��+� ��+��
��� ��� ��� ���
���
����
����
�×���
�×���
�×���
�ψ (���)
σ(��
→�
)(��)
��+��
��+�
��� ��� ��� ���
�
��
��
���
���
�ψ (���)
σ(��
→��
)(��)
α� = ���α� = ���
��+�
��+��
��� ��� ��� �������
����
�×���
�×���
�×���
�ψ (���)
σ(��
→��
�/�)(�
�) ��+�
��+��
��� ��� ��� ���
��
��
���
���
����
�ψ (���)
σ(��
→��
�/�)(�
�)
α� = ���α� = ���
��+��
��+�
��� ��� ��� ���
����
�×���
�×���
�×���
�ψ (���)
σ(��
→�
)(��)
��+�
��+��
��� ��� ��� ���
�
�
��
��
���
�ψ (���)
σ(��
→
�)(��
)
Figure 6: Single-partner production cross sections at 14 TeV for ξ = 0.2, either for the
neutral final states (left) or the charged states (right). Two different situations α = 0, 1 (thick-
dashed curves) are plotted to compare the impact on the production from the fermion-resonance
Lagrangian LM + η of (2.6). EW interactions are insensitve to the contributions of the currents,
hence the charged final states are independent of their impact.
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Likewise the production in pairs, the single productions will be controlled by the effective
interacting terms among the fermions and the SM charged and neutral gauge, as well as
by the model-dependent couplings gffη, gfLfLη, gfRfRη, gXfη, gXLfLη, gXRfRη along (3.1)-
(3.2). These are computed analytically in our models, and they arise from the interactions
reported in Appendices B after performing the rotation to the physical basis of mass
eigenstates. Explicit formulae for the couplings are straightforwardly derived and easily
implemented in a Mathematica notebook.
Finally, some words concerning top partners decays are worth. The relevant couplings
are encapsulated in (3.1)-(3.3) and by the analogous ones involving SM charged and neutral
gauge fields correspondingly. They can be computed analytically, and therefore precise
tree-level formulae for the partial widths and for the branching fractions are obtained.
Actually, more exotic channels are triggered, and if feasible, the kinematics would permit
partners decaying into resonances in association with SM fermions or even in companion
of partners less massive than the decaying initial state. Decays like X → X ′V or X ′H
arise in our models, and depending on the chosen parameters, they would either enhance
or decrease some standard SM final states, and would strongly depend on the resonance
mass spectrum as well as on the decaying partner mass. Exotic channels like X → X ′η
are theoretically allowed but less relevant though, as they involve higher masses in the
final states3. In a future work, we will explore these issues and the flexibility entailed by
the parametric dependence for the feasibility of the SM and exotic decay channels of the
involved partners.
The constraints on the top partners inferred from presently available LHC searches have
been recently explored in [48, 49], imposing direct bounds on heavy top-like quarks with
standard and exotic decays, meanwhile they have been implemented in [31] in the context
of top partners-vector resonances in CHMs. Similar constraints on the allowed parameter
space of our models are obtained by the imposition of recent LHC partner searches.
5 Parameter spaces and constraints
We have derived here the parameter spaces allowed by the recent available LHC partner
searches, in terms of ξ and the mass scales Mη and MΨ. Recently, CMS has released [32]
the results of searches for vector-like quarks, 2/3 and -4/3-electrically charged, that are pair
produced in pp interactions at
√
s = 13TeV, and decaying exclusively via the Wb channel.
Events were selected requiring a lepton and neutrino from one W , and a quark-antiquark
pair from the other boson gauge. The selection requires a muon or electron, significant
missing transverse momentum, and at least four jets. A kinematic fit assuming a pair
production of 2/3 or -4/3 electrically charged vector-like quarks was performed and for
every event a corresponding candidate quark mass was reconstructed. Upper limits were
set in [32] for the pair production cross sections as a function of the implied vector-like
with the SM top, can dominate top partner pair production at top partner masses higher than 1.5 TeV.
See the reference for more details.
3For a more detailed discussion on relevant decays see [23] and for a more recent update check [48–50].
Early discussions on the discovery potential of top-partners in a realistic composite Higgs model with LHC
data can be found in [51,52].
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Figure 7: Parameter space (MΨ, ξ) obtained from recent bounds on top partner searches
through top-like decays into Wb final states prior to the inclusion of the scalar η into the final
states (1st-2nd plots) and after its inclusion by setting Mη = 3 TeV (3rd-4th graphs). Recent
bounds [32] on top partner searches through top-like decays into Wb final states have been
imposed at all models. Two situations have been explored α = 0, 1 (thick-dashed border).
quark masses. By comparing these limits with the predicted theoretical cross section of
the pair production, the production of 2/3 or -4/3 electrically charged vector-like quarks is
excluded at 95% confidence level for masses below 1295 GeV (1275 GeV expected). More
generally, the results set upper limits on the product of the production cross section and
branching fraction to Wb for any new heavy quark decaying to this channel. Such limits
have been imposed in σ×Br for all of our models and are translated into exclusion regions
for the parameter spaces involved by ξ, Mη and MΨ. Computation of Br (T → Wb) and
Br(T˜ → Wb) is performed including a scalar resonance in the final states for the total
width, with a posterior simulation via MadGraph 5 of the pair production cross section
of T T and T˜ T˜ at √s = 13 TeV for the fourplet and singlet models respectively. Fig. 7
gathers the allowed parameter spaces (MΨ, ξ) for all the fourplet and singlet models, with
a total decay width summing the standard modes Wb, Zt and ht up (1st-2nd plots), and
augmented by η t (3rd-4th graphs). Consequently, the branching ratio for any channel
will be also Mη-dependent and will entail a parametric dependence on the extra fermion-
resonance interactions regarded here in (2.6). Their impact is scanned along two different
situations: the dashed border regions stand for the allowed parameter spaces assuming
extra fermion-resonance couplings weighted by α = 1, whilst the others zones denote no
additional interactions, i.e. α = 0. The scalar resonance mass is fixed at the benchmark
value Mη = 3 TeV at the 3rd-4th graphs. Some comments are in order:
• If the scalar resonance η is included into the final states, the allowed region is strongly
constrained (3rd-4th plots), becoming further restricted to the tiny regions
M4+14 : ξ ∼ [0.85, 1.0] for MΨ ∼ [1.45, 1.5] TeV ⇒ mT ∼ [1.57, 1.64] TeV
M1+5 : ξ ∼ [0.05, 0.3] for MΨ ∼ [1.2, 1.5] TeV ⇒ mT˜ ∼ [0.96, 1.4] TeV
if the extra couplings in (2.6) are included. M4+5 turns out to be excluded at this
point. The latter mass ranges are totally allowed at M4+14 by the recent limits [32]
on the exclusion at 95% confidence level for masses below 1295 GeV, while partly
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Figure 8: Parameter space (Mη, ξ) by fixing MΨ = 1250 GeV. Two situations have been
explored, α = 0, 1 (thick-dashed border).
permitted at M1+5. Furthermore, the EWPT bounds, the vector resonance direct
production bounds at LHC, as well as the expected LHC single Higgs production,
and the double Higgs production at CLIC (see discussion in 2.3) are compatible with
the ξ-range at both models.
• Disregarding the scalar resonance at the final states, a broader parameter space is
allowed and the previous ranges become relaxed (1st-2nd plots). Indeed, ξ-intervals
compatible with experimental expectations exist at both fourplet models, becoming
ruled out at M4+5 as they wholly fall inside the exclusion limit of [32]. At M4+14,
such bounds entail (see Fig. 10)
M4+14 : 0.05 . ξ . 0.3 for MΨ & 1.1 TeV (5.1)
favouring a extreme part of the obtained parameter space in Fig. 7. Likewise, the
exclusion limit in [32] leads to
M1+5 : 0.01 . ξ . 0.1 for MΨ ∼ [0.5, 0.825] TeV,
M1+14 : ξ & 0.15 for MΨ ∼ [1.35, 1.48] TeV
approving a small region for the associated parameter spaces at both models. Small
ξ-values are allowed, being compatible with experimental constraints at both singlet
models. Similar comments apply when switching the extra couplings in (2.6), as their
effect do not alter the implied parameter spaces.
As a conclusion, the recent upper limits on top-like partners production permit part of
the parameter spaces from M4+14 and from the singlet models if the scalar resonance η is
disregarded, and whether the extra fermion-scalar interactions are considered or not. By
including the scalar field into the final states a strongly bounded region, further constrained
if the extra interactions in (2.6) are included, remains at M4+14 and M1+5 only. In this
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Figure 9: Parameter space (MΨ, Mη) by fixing ξ = 0.2 at the fourplet (left) and singlet models
(right). Two situations have been scanned, α = 0, 1 (thick-dashed border) by imposing recent
bounds [32] on top partner searches through top-like decays into bW final states at all models.
sense, those extra couplings are useful in discerning models and refining further their in-
volved parameter space. An additional insight into the parametric freedom of the assumed
scenarios can be explored by fixing the partner mass scale and letting the scalar resonance
one to vary. This entails of course the scalar resonance inclusion at the final states. Fig. 8
illustrates this by setting MΨ = 1.25 TeV
4. The parameter spaces are notoriously split into
a left and right-handed regions, with the intermediate excluded ranges Mη ∼ 1.2-1.4 TeV
and Mη ∼ 0.9-1.2 TeV at the 14-embedding scenarios, and with M1+5 favouring the higher
scalar mass range ∼ 2.8-3 TeV. The inclusion of extra derivative couplings reduce a bit
the higher and lower range masses at M4+14, shifting the range masses to a lower one at
M1+5, while strongly constraining the right handed region to Mη ∼ 1.2-1.6 TeV at M1+14.
Consistent ξ-values are still feasible.
The previous scalar mass ranges have been tested in previous analysis. Searches for a
Higgs-like bosons, decaying into long-lived exotic particles, have yielded no excess above
the background expectation [44] in the range 80-140 TeV. Likewise, experimental evidences
for a massive long-lived particles decaying semileptonically in the LHCb have not been
found at the EW scale [45]. Additionally, heavy scalar resonances decaying into WW in
the eνµν final state, via pp collisions at
√
s = 13 TeV with an integrated luminosity of
36.1 fb−1, have not been detected either, and with no significant excess of events beyond
the SM background prediction in the mass range 200-5000 TeV, following the searches
performed by the ATLAS Collaboration [46]. Despite having no experimental evidence
for Higgs-like particles at EW scale nor heavy resonance at the TeV range, the allowed
range masses in Fig. 8 give us a clue for the mass regimes to be explored in future facilities
and experiments in the shed light of exotic top partners decays and their interactions with
possible new scalar matter in the nature.
4A bit below the threshold for the exclusion limit [32].
17
Finally, a fuller understanding of the parametric dependence is gained by fixing the EW
and GB scales while simultaneously scanning the top partner and the scalar mass scales.
Fig. 9 gathers the allowed areas for ξ = 0.2. Whether the extra fermion-resonance couplings
proposed here are considered or not, the region from M4+5 entirely falls inside the exclusion
limit of [32], whilst the influence of LM + η tends to diminish the permitted scalar range
mass below ∼ 2 TeV at M4+14. A range for the scalar mass is correspondingly forbidden
at both fourplet and singlet models. Disregarding extra derivative couplings, the exclusion
bounds of [32] allow the higher scalar mass range ∼ 1.8-3.0 TeV at M1+5, whereas ∼ 0-
1 TeV and ∼ 1.4-3 TeV at M1+14. Turning the extra interactions on will rule out part
of the parameter space reducing it to Mη ∼ 0.4-1 TeV and Mη ∼ 1.4-1.9 TeV for MΨ ∼
1.42-1.5 TeV. In this sense, the additional interactions encoded by LM + η in (2.6) will be
enlightening in refining further the mass range for the new scalar resonance in the theory,
as well as the top partner mass scale emerging in this CHM scenarios.
6 Summary
The interplay among three matter sectors is explored here: elementary, top partners and
scalar resonances in a SO(5) composite Higgs scenario. The scalar resonance η, here
assumed to be a singlet of SU(2)L × SU(2)R is coupled to the SO(5)-invariant fermionic
currents of Table 1, here provided by the first time. The SO(4) fourplet Ψ4 and singlet Ψ1
source the top partners content of the model. Such matter framework spans four models
in (2.4), derivatively coupled to the η-resonance via the prescription (2.6) and subsequently
explored through their involved parametric dependence.
Heavy scalar production and its decays have been extensively analysed along the bench-
mark range Mη ∼ [0.6, 3] TeV and for a given model parameters election in Fig. 1. The
η-production is slightly altered when the fermion-resonance current interactions of (2.6)
are included. The scalar heavy resonances is predominantly yielded at the model M4+5,
reaching rough cross section values of ∼ 150 pb (0.1 pb) at Mη ∼ 0.6 TeV (3 TeV) for
ξ = 0.2. Higher ξ-value enhances all the productions. Whether the elementary fermions
are 5 or 14-embeddings, the fourplet scenario favours higher production values rather than
the singlet one. We have tested two situations α = 0, 1, with the aim of exploring the
impact of the proposed additional couplings upon the implied phenomenology.
For the scalar decays, no extra fermion-resonance interactions entail dominant dijet,
top-pair and gauge, Higgs channels, while subdominant single-double partners final states.
The dijet channel is the dominant one for Mη . 2 TeV, becoming subdominant with respect
the W -pair for a higher mass value. The scenario is altered after switching extra fermion-
resonance couplings on. Certainly, those channels qualitatively diminish, being still the
dominant ones, with a notorious enhancement for all the single-double partner final states
in turn. The enhancement occurring at the partner final states, may be a slight departure,
as in the case of the mode bB, or even an increase of one or two orders of magnitude roughly
for the tX2/3 and T T channels.
Furthermore, the production of single-double partner final states has been scanned
along the partner mass scale MΨ, being controlled by the model-dependent couplings
gffη, gfLfLη, gfRfRη, gXXη (gXfη), gXLXLη (gXLfLη), gXRXRη (gXRfRη) along (3.1)-(3.3) for the
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double (single) production, and by the analogous ones involving the gluon and the SM
gauge fields. QCD drives the double production, as well as SM gauge, Higgs, and the
η-mediated processes. Non-zero parametric-dependent modifications are induced as long
as extra fermion-resonance effects are considered (Figs. 4-6). Slight enhancements occurs
for the double production at M4+5, whereas vanishing-tiny contributions are induced at
the rest of the models due to the implied f -suppressed derivative couplings of (2.6). T T
and BB are dominantly produced in pp collisions at M4+14 as the involved quark partner
masses are smaller than the corresponding ones at M4+5. X2/3X2/3 does not distinguish the
elementary embeddings representation as the involved partner masses are equal at both
models. Generically, producing pairs either of X2/3 or X5/3 will be kinematically favoured
with respect to the double production of both T and B, as their relatively higher masses
are implied. Likewise, the pair production of the singlet T˜ is dominant at M1+14, as the
involved masses result smaller at 14-elementary embeddings compared with the one at
5-scenario. On the other hand, cross section values are generically increased at the cha-
nnels tX2/3 and tT˜ for the models M4+5 and M1+14 respectively if the extra couplings are
included. Despite the absence of the flavour-changing neutral couplings in the charge 1/3
sector and of the B → hb channel at M4+5, the final state bB is still possible at the fourplet
models via derivative couplings of (2.6).
Finally, implementing the recent LHC searches for vector-like quarks production in pp-
collisions at 13 TeV, we were able to exclude regions of the parameter space implied by our
scenario (Figs. 7-9). If the scalar resonance η is disregarded from the final states, part of
the parameter spaces are permitted then at M4+14 and at the singlet models, independently
of the extra fermion-scalar interactions. By including the scalar field into the final states, a
strongly bounded region, further constrained if the extra interactions in (2.6) are included,
remains at M4+14 and M1+5. In this sense, those extra couplings are useful in discerning
models and refining further their involved parameter space. The ranges Mη ∼ 1.2-1.4 TeV
and Mη ∼ 0.9-1.2 TeV are forbidden at the 14-embedding scenarios, with M1+5 favouring
the higher scalar mass range 2.8-3 TeV and with consistent ξ-values still possible. The
allowed range masses in Fig. 8 give us a hint for the mass regimes to be explored in future
experiments and in the shed light of exotic top partners and scalar decays in the nature.
The higher scalar mass range 1.8-3 TeV at M1+5, whereas 0-1 TeV and 1.4-3 TeV at M1+14
are allowed if no additional interactions are considered. Turning them on, will reduce the
parameter space to Mη ∼ 0.4-1 TeV and Mη ∼ 1.4-1.9 TeV for MΨ ∼ 1.4-1.5 TeV. In this
sense, the additional interactions encoded byLM + η in (2.6) will be enlightening in refining
further the mass range for the new scalar resonance in the theory, as well as the top partner
mass scale emerging in this CHM scenarios.
Disregarding-selecting models and refining further their involved parameter dependence
might be properly performed through the extra fermion-resonance couplings proposed here.
Future observations of heavy scalars and top partners, as well as their subsequent poste-
rior decays, might be clearly tackled via the effective Composite Higgs approach presented
here. The interactions encoded by (2.6) and Table 1 would determine the scenario and
the strength for the entailed effective terms by comparing their predictions with the ex-
perimental signals emerging at higher energies. The framework provided here represents a
powerful tool in dealing with EFT approaches beyond SM scenarios, specifically in facing
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new interactions that might underlie the existence of exotic matter content in our nature,
and hopefully discoverable at future high energy facilities.
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A CCWZ formalism
The SO(4) ' SU(2)L×SU(2)R unbroken generators and the broken ones parametrizing the coset
SO(5)/SO(4) in the fundamental representation are
(T aχ)IJ = −
i
2
[
1
2
εabc
(
δbIδ
c
J − δbJδcI
)
± (δaI δ4J − δaJδ4I)] , T iIJ = − i√
2
(
δiIδ
5
J − δiJδ5I
)
, (A.1)
with χ = L, R and a = 1, 2, 3, while i = 1, . . . , 4. The normalization of TA’s is chosen as
Tr[TA, TB] = δAB. The 4×4 matrices τa appearing in the bilinear fourplets at M4+5 and M4+14
in Table 1 are defined as [
T a, T i
]
= (ta)ji T
j . (A.2)
Gauging the SM subgroup of SO(5) requires us to introduce local transformations via U matrices
that will couple the SM gauge fields to the composite resonances. The CCWZ d and e symbols
are in order to do so
− U t[Aµ + i∂µ]U = daˆµT aˆ + eaµT a + eXµ (A.3)
where Aµ stands for GSM gauge fields
Aµ =
g√
2
W+µ T
−
L +
g√
2
W−µ T
+
L + g (cwZµ + swAµ)T
3
L + g
′ (cwAµ − swZµ) (T 3R +QX) (A.4)
with T±χ =
(
T 1χ ∓ iT 2χ
)
/
√
2, the implied notation (cw, sw) ≡ (cos θw, sin θw), and the SM cou-
plings of SU(2)L and U(1)Y , g, g
′ respectively, where QX is the X-charge matrix. The defini-
tion (A.3) can be expanded in fields as
diµ =
√
2
f
(Dµh)
i +O(h3), eaµ = −Aaµ −
i
f2
(h
↔
Dµh)
a +O(h4), eXµ = −g′QXBµ , (A.5)
with Bµ the U(1)Y gauge boson. Covariant derivatives acting on the composite sector fields are
built out of e symbols. For the Ψ field transforming in the fundamental representation of SO(4)
one has
∇µΨ = DµΨ + i eaµtaΨ . (A.6)
The term /e = eµγ
µ is included in Lcomp to fully guarantee the SO(5) invariance. Strength field
tensors are straightforwardly introduced as
eµν = ∂µeν − ∂νeµ + igρ[eµ, eν ], eXµν = ∂µeXν − ∂νeXµ . (A.7)
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Finally, the covariant derivatives Dµ associated to each one of the elementary fields as well to the
corresponding top partner are given by
Dµ qL =
(
∂µ − igW iµ
σi
2
− i1
6
g′Bµ − i gSGµ
)
qL , (A.8)
Dµ uR =
(
∂µ − i2
3
g′Bµ − i gSGµ
)
uR , (A.9)
DµΨ4 =
(
∂µ − i2
3
g′Bµ − i gSGµ
)
Ψ4 . (A.10)
with g, g′ and gS the SU(2)L ×U(1)Y and SU(3)c gauge couplings. Notice the gluon presence in
the last covariant derivative as the top partners form a color triplet.
B Physical fermion masses
B.1 5-plets embeddings
Considering both the fourplet and singlet models simultaneously, the mass matrices for the top-
like and bottom-like sectors become
0 12 f ξ yL f (1− ξ2)yL − f
√
ξ y˜L√
2
− f
√
ξ yR√
2
−M4 0 0
f
√
ξ yR√
2
0 −M4 0
f
√
1− ξ y˜R 0 0 −M1

,
(
0 f yL
0 −M4
)
(B.1)
being defined in the fermion field basis
(
t, X2/3 T , T˜
)T
and (b, B)T respectively. After diago-
nalization the physical masses are
mt =
√
ξ (η˜L η˜RM1 − ηLηRM4)2
2
(
η2L + 1
) (
η˜2R + 1
) , mT˜ = M1√η˜2R + 1 , mB = M4
√
η2L + 1
η˜2R + 1
,
mT = M4
√
η2L + 1 , mX2/3 = mX5/3 = M4 ,
(B.2)
where the parameters ηL(R) are defined through
ηL(R) ≡
yL(R)f
M4
, η˜L(R) ≡
y˜L(R)f
M1
. (B.3)
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Figure 10: Spectrum of masses and their dependence on the NP scale M4 = M1 = MΨ for
the fourplet (left) and singlet cases (right), for ξ = 0.2 and setting ηL = ηR, η˜L = η˜R.
B.2 14-plets embeddings
Considering both the fourplet and singlet models simultaneously, the mass matrix for the top-like
sector is
−f√2 (1− ξ) ξ yR 12 f (2ξ +√1− ξ − 1) yL 12 f (−2ξ +√1− ξ + 1) yL −f√2 (1− ξ) ξ y˜L
0 −M4 0 0
0 0 −M4 0
0 0 0 −M1

(B.4)
while the one for the bottom-like sector becomes(
0 f
√
1− ξ yL
0 −M4
)
(B.5)
The corresponding physical masses are
mt =
√
2
√
ξ (M1η˜Lη˜R +M4ηR)
2(
η2L + 1
) (
η˜2R + 1
) , mT˜ = M1√
η˜2R + 1
, mB = M4
√
η2L + 1
η˜2R + 1
,
mT = M4
√
η2L + 1 , mX2/3 = mX5/3 = M4 ,
(B.6)
C Effective couplings
Here we report the model-dependent couplings gffη, gfLfLη, gfRfRη, gXXη, gXLXLη, gXRXRη through (3.1)
and (3.3) at the model M4+5 as an example. To shorten the involved expressions, we restrict
ourselves up to the zeroth order in ξ. Concerning the set gffη and gXXη we have
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gttη = 0 , gbbη =
η˜Ryqψ√(
η2L + 1
) (
η˜2R + 1
) , gT T η = − ηLyqψ√
η2L + 1
,
gBBη = − ηLyqψ√(
η2L + 1
) (
η˜2R + 1
) , gX2/3X2/3η = gX5/3X5/3η = 0.
(C.1)
For the set gfLfLη and gXLXLη one has
gtLtLη = gbLbLη =
ηL (αψηL + 2αqψ) + αq√
2f
(
η2L + 1
) , gTLTLη = gBLBLη = αψ + ηL (ηLαq − 2αqψ)√
2f
(
η2L + 1
) ,
gX2/3LX2/3Lη = gX5/3LX5/3Lη =
αψ√
2f
.
(C.2)
The degeneracy among some couplings are spoiled once higher ξ-order terms are considered. For
gfRfRη and gXRXRη we have
gtRtRη =
αu√
2f
(
η˜2R + 1
) , gbRbRη = αψη˜2R√
2f
(
η˜2R + 1
) , gTRTRη = αψ√
2f
,
gBRBRη =
αψ√
2f
(
η˜2R + 1
) , gX2/3RX2/3Rη = gX5/3RX5/3Rη = αψ√2f .
(C.3)
Concerning the mixed couplings gXfη, gXLfLη, gXRfRη in (3.2), they have similar analogous ex-
pressions and are not listed here for briefness reasons.
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